The thallus, the gametophyte body of the liverwort Marchantia polymorpha, develops clonal progenies called gemmae that are useful in the isolation and propagation of isogenic plants. Developmental timing is critical to Agrobacterium-mediated transformation, and high transformation efficiency has been achieved only with sporelings. Here we report an Agrobacteriummediated transformation system for M. polymorpha using regenerating thalli. Thallus regeneration was induced by cutting the mature thallus across the apical-basal axis and incubating the basal portion of the thallus for 3 d. Regenerating thalli were infected with Agrobacterium carrying binary vector that contained a selection marker, the hygromycin phosphotransferase gene, and hygromycin-resistant transformants were obtained with an efficiency of over 60%. Southern blot analysis verified random integration of 1 to 4 copies of the T-DNA into the M. polymorpha genome. This Agrobacterium-mediated transformation system for M. polymorpha should provide opportunities to perform genetic transformation without preparing spores and to generate a sufficient number of transformants with isogenic background.
Bryophytes, including liverworts, mosses, and hornworts, comprise an early diverging lineage of land plants, and liverworts in particular are considered the most basal group. 1) Thus, liverworts occupy a critical evolutionary position in the attempt to understand the genetic basis of the key innovations that allowed green plants to evolve from aquatic ancestors and to adapt to a terrestrial environment.
2) The liverwort Marchantia polymorpha L. is a geographically widespread species. The dominant form of its lifecycle is a gametophyte thallus that is haploid and dioecious, providing advantages for genetic analysis. M. polymorpha can propagate not only sexually but also by asexual bud-like structures called gemmae, allowing rapid propagation of isogenic biomass for molecular and biochemical experiments. In addition to previous intensive studies of organellar genomes 3, 4) and the Y chromosome, 5) the nuclear genome of M. polymorpha is being sequenced by the Community Sequencing Program of the Joint Genome Institute (DOE-JGI: http://www.jgi.doe.gov/sequencing/ why/CSP2008/mpolymorpha.html). Thus M. polymorpha is an emerging model plant suitable for molecular and developmental genetics.
Genetic transformation is an essential tool of molecular genetics. Over direct transformation methods such as biolistic bombardment, Agrobacterium-mediated transformation has significant advantages, including intact genomic integration of DNA fragments of interest, reduced frequency of genomic rearrangement, larger integrated DNA fragments, and easier manipulation.
6) It has become the method of choice for gene transfer not only in plants, 7, 8) but also in a number of fungal species. 9) Choice of tissues is an important factor in successful Agrobacterium-mediated transformation of M. polymorpha, as in the case of other plants. 10) Crossing under laboratory conditions has made it possible routinely to prepare surface-sterilized sporangia of M. polymorpha, 11) and this has facilitated axenic culture of spores. The use of sporelings, which actively divide yet-undifferentiated cells derived from spores, has made possible practical Agrobacterium-mediated transformation in M. polymorpha, 12) and this method has been used successfully for gene transfer in M. polymorpha. 13, 14) However, sporelings are generally heterogeneous in M. polymorpha due to crossing of parental lines with different genetic backgrounds (M. polymorpha is dioecious), and this can affect consistency among the resulting transgenic plants.
Agrobacterium-mediated transformation in M. polymorpha is applicable only to sporelings, and very few if any transformants are obtained by co-cultivation of thalli, young or mature, developed from gemmae, with Agrobacterium (M. Takemura, personal communication). Many bryophytes, including M. polymorpha, can regenerate from vegetative tissues removed from plants without any application of growth regulators, and the regeneration process in liverworts has characteristics similar to those observed in sporeling development. 15) Here we report an Agrobacterium-mediated transformation system using mature thalli with regenerating tissue induced simply by cutting. The advantages and applications of this transformation system are discussed below.
Materials and Methods
Plant material and preparation. Male M. polymorpha, accession Takaragaike-1, was maintained asexually and propagated through gemma growth as previously described. 14) Plants were cultured using a half-strength Gamborg's B5 medium 16) supplemented with 0.5 g/L * These authors contributed equally to this work. Agrobacterium strain, plasmid, and culture. A. tumefaciens strain GV2260 17) harboring binary vector pIG121Hm 18) was used in all experiments. Plasmid pIG121Hm contains the GUS (uidA) gene with an intron of the caster-bean catalase gene and the hygromycin phosphotransferase gene (hpt) as selective marker within the T-DNA region. Each gene was under the control of a cauliflower mosaic virus 35S promoter. In the transformation experiments, Agrobacterium cultures were started from a single colony, and were grown in 5 mL of LB medium at 28 C with agitation for 2 d. Bacterial cells of the saturated culture were harvested by centrifugation, resuspended in 5 volumes of M51C medium supplemented with 100 mM 3,5-dimethoxy-4-hydroxyacetophenone (acetosyringone) (Sigma-Aldrich, St. Louis, MO), and incubated for a further 6 h before co-cultivation with thallus fragments of M. polymorpha.
Agrobacterium-mediated transformation of M. polymorpha. Transformation was performed as follows, unless otherwise stated: Apical portions, about 2-3 mm from the tip, including meristem, were removed from 14-d-old thalli. The thalli were further cut into four pieces and grown on a half-strength Gamborg's B5 medium containing 1% (w/v) sucrose and 1.3% agar under 50-60 mmol photons m À2 s
À1
continuous white fluorescent light at 22 C for 3 d to promote regeneration. Fifteen to 20 regenerating plantlets and 1 mL of Agrobacterium culture, prepared as described above, were co-cultivated in 50 mL of M51C medium containing 2% sucrose and 100 mM acetosyringone in a 200-mL flask under continuous white light (50-60 mmol photons m À2 s À1 ) with agitation at 130 rpm at 22 C for 3 d. The plantlets were washed 5-6 times with sterilized water, then soaked in sterilized water containing 1 g/L of cefotaxime (Claforan Ò : Sanofi-Adventis, Tokyo) for 30 min. The plantlets were transferred directly to a half-strength B5 agar medium containing 1.3% agar, 10 mg/L of hygromycin, and 100 mg/L of cefotaxime, and incubated under continuous white light 40 mmol photons m À2 s À1 at 22 C.
Histochemical assay for GUS enzyme activity. Histochemical assays for GUS activity were performed following Jefferson et al., 19) with minor modifications. Plant tissues were vacuum-infiltrated and incubated at 37 C overnight in the GUS assay solution containing 50 mM sodium phosphate buffer (pH 7.2), 0.5 mM potassium-ferrocyanide, 0.5 mM potassium-ferricyanide, 10 mM EDTA, 0.01% (v/v) Triton X-100, and 1 mM 5-bromo-4-chloro-3-indolyl--glucuronic acid (X-Gluc: Wako Pure Chemical Industries, Osaka). Pigments in the tissues were removed by incubation in 70% (v/v) ethanol.
Genomic DNA preparation. Total DNA was extracted from approximately 5 g of fresh weight of tissue by a CTAB (cetyltrimethylammonium bromide) method, 20) with modifications. The tissues were frozen in liquid nitrogen and disrupted with a mortar and pestle. Disrupted cells were extracted with 10 mL of CTAB buffer (1.5% CTAB, 75 mM Tris-HCl pH 8.0, 15 mM EDTA, and 1.05 mM NaCl) at 56 C over 20 min. The extract was mixed thoroughly with an equal volume of chloroform-isoamylalchohol (24:1) at room temperature for 20 min. After centrifugation at 4;000 Â g at 20 C for 20 min, the aqueous phase was transferred to another plastic tube, and 1 mL of CTAB solution (10% CATB, 0.7 M NaCl) was added. Then, the extract was mixed thoroughly with an equal volume of chloroform-isoamylalchohol (24:1) at room temperature for 20 min. After centrifugation at 4;000 Â g at 20 C for 20 min, the aqueous phase was mixed slowly with a 1.5 volume of CTAB precipitation buffer (1% CTAB, 50 mM Tris-HCl pH 8.0, and 10 mM EDTA). After centrifugation at 10;000 Â g at 20 C for 20 min, the precipitate was dissolved in 1 M sodium chloride supplemented with RNaseA (final 10 mg/mL), and this was incubated at 37 C for 30 min. DNA was precipitated with ethanol and dissolved in TE buffer.
Southern blot analysis. Genomic DNA was isolated from 2-weekold thalli as described above. For Southern blot analysis, 3 mg of genomic DNA was digested overnight with EcoRI and with BamHI at 37 C and 30 C respectively. The DNA was fractionated by electrophoresis on an 0.8% (w/v) agarose gel and blotted onto nylon membranes Biodyne A (Pall, Port Washington, NY). The 798-bp EcoRI-BamHI fragment excised from pIG121Hm was used as a probe to detect the hpt gene. The blotted membranes were hybridized in Church hybridization buffer at 65 C overnight with hpt probes labeled with [-32 P]dCTP by random priming using Random Primer DNA Labeling Kit Ver. 2 (Takara, Shiga). Washing and analysis of the blots was done as described elsewhere.
21)

Results and Discussion
Regeneration of thalli developed from the gemmae Gemmae develop into dichotomously branched thalli that have a meristem on each growth tip at 2 weeks (Fig. 1A-C) . Ten to 14-d-old thalli developed from the gemmae were cut at about 3 mm from the tips across the apical-basal axis to remove apical parts, and were further divided into four parts (Fig. 1D, E) . Initiation of rhizoid formation was observed at the edge of the thallus within 24 h (data not shown). A mass of cells became visible mostly at the apical edge of the midrib at 5 d (Fig. 1F-H) , and rapidly differentiated into a thallus. These observations indicate that a simple removal of the apical part of the thallus induces regeneration of the thallus in M. polymorpha without application of growth regulators. The regenerated thalli appeared to undergo massive cell division, as seen in the sporelings. Since actively dividing plant cells have been reported to be more susceptible to Agrobacterium infection, 22) regenerating thalli, like sporelings, are expected to be suitable for Agrobacterium-mediated transformation.
Stable transformation of regenerating thalli using A. tumefaciens
The basal parts of the cut thalli were incubated for 3 d and co-cultivated with Agrobacterium harboring binary plasmid pIG121Hm 18) in the presence of acetosyringone for 3 d (Fig. 2A, B) . Selection by hygromycin led to the formation of resistant plantlets, growing mostly from the edge of the original cut thalli (Fig. 2C) . The development of hygromycin-resistant thalli with rhizoids became distinct by 20 d after transfer to selective media, whereas the original cut thalli turned brownish and became necrotic (Fig. 2D) . By histochemical -glucuronidase (GUS) staining, GUS activity was observed, but only in the hygromycin-resistant plantlets regenerated from the basal parts of the original cut thalli (Fig. 2E) . This indicates that Agrobacterium had specifically transformed the regenerating cells. Similarly, transformation of cells in the callus newly growing from an explant has been reported in citrus. 23) Most of the plantlets further differentiated into mature thalli within 2 weeks subsequent to transfer on a new selection medium. To avoid potential chimerism, isogenic lines were obtained from the gemmae. These arise asexually from single initial cells in the cupules. 24) Transformants after 2 cycles of transplantation of gemmae (the G2 generation) were used in further analyses.
Twelve independent lines were selected randomly from hygromycin-resistant plants for histochemical GUS assay. All the lines selected were GUS-positive (Fig. 2F) . Because we used an intron-containing GUS reporter gene that does not express detectable GUS activity in Agrobacterium cells, 18) these results indicate stable introduction of the transgene in the hygromycinresistant plants.
Integration of T-DNA into the genome
To investigate genomic integration and the copy number of T-DNA, Southern blot analysis was performed. DNA from randomly selected hygromycinresistant lines that exhibited GUS activity, and from the wild type, was digested with EcoRI or BamHI and allowed to hybridize with the hpt probe (Fig. 3A) . All eight randomly selected hygromycin-resistant lines showed positive hybridization signals with the probe (Fig. 3B) . Since the T-DNA of pIG121Hm has a single EcoRI site (Fig. 3A) , EcoRI fragments of varying size represented an independent genomic insertion site in each case (Fig. 3B) hybridization signal of the same size as the 3.9-kb BamHI fragment of pIG121Hm was detected with the BamHI digested genomic DNA from each of the hygromycin-resistant lines examined (Fig. 3B) , suggesting that they incorporated at least one intact copy of the gus-hpt region of the T-DNA upon transformation. Signals for larger BamHI fragments were detected in lanes 2 and 7, suggesting the possibility of rearrangement, truncation, or tandem insertion of the T-DNA (Fig. 3B) .
Factors influencing transformation efficiency
To optimize Agrobacterium infection of the regenerating thalli, first we investigated the effect of duration of regeneration. The basal parts of the thalli were incubated to regenerate for 1-7 d before 3-d co-cultivation with Agrobacterium. The duration of regeneration had significant effects on transformation efficiency (Table 1) . No hygromycin-resistant plantlet was obtained from the thalli without regeneration. Regeneration for one or more d resulted in the generation of hygromycinresistant plantlets. The number of cut thalli that produced hygromycin-resistant plantlets increased as regeneration progressed, though the number decreased for the thalli with 5 d of regeneration. The activity of cell division in regenerating thalli should significantly elevate shortly after removal of the apical parts for at least 1 week, and this most likely affects the efficiency of Agrobacterium infection. Based on this, we concluded that 3 d of regeneration should be sufficient for efficient Agrobacterium-mediated transformation using regenerating thalli.
Next, we attempted to determine whether the presence of sucrose in the medium during regeneration would affect transformation efficiency. Transformation efficiency using thalli regenerated on sucrose-containing media was significantly higher than using thalli regenerated on sucrose-free medium (Table 2 ). According to our preliminary observations, regenerating thalli developed faster in sucrose-containing medium than in sucrose-free medium (data not shown). This result might have been due to the promotion of cell proliferation by sucrose during regeneration.
Finally, we investigated the effects of media for cocultivation. Four different compositions of media were examined ( Table 3 ). The best result was obtained when the M51C medium containing 2% sucrose was used. Only a few hygromycin-resistant plantlets were obtained with the M51C medium without sucrose, again indicating that sucrose plays a critical role in Agrobacterium infection, possibly by promoting cell division in M. polymorpha or Agrobacterium. On the other hand, transformation efficiency decreased for a half-strength B5 medium containing 2% sucrose, as compared to the M51C medium containing the same concentration of sucrose. The addition of L-glutamine and casamino acid 8) . DNA was digested with EcoRI (left) or BamHI (right), fractionated by electrophoresis, and allowed to hybridize to the hpt probe shown in (A). to the B5 medium almost doubled transformation efficiency. In some protocols of Agrobacterium-mediated transformation in rice and maize, high concentrations of sucrose and glucose are added to the cocultivation medium. 10, 25, 26) In addition, co-cultivation media in many Agrobacterium-mediated transformation protocols for monocots contain a number of amino acids, including L-glutamine, aspartic acid, or casamino acids, and this supports high transformation efficiency. 10) Our results indicate that the presence of sucrose and amino acids improves transformation efficiency in M. polymorpha. Transformation efficiency was lower in the B5 medium supplemented with sucrose and amino acids than in that of the M51C medium with sucrose, implying that not only amino acids but also some other factors different between the B5 and the M51C medium affect the transformation efficiency.
In conclusion, we have established an efficient Agrobacterium-mediated transformation protocol for M. polymorpha using regenerating thalli instead of sporelings. This protocol utilizes thalli that are routinely available, and thus eliminates the need for spore preparation, which includes the induction of reproductive organs, crossing, spore maturation, and the collection of sporangia, followed by appropriate desiccation. Our new protocol drastically shortens the time required for the transformation of M. polymorpha. Another advantage of this protocol over sporeling transformation is the use of isogenic plants. Sporelings prepared by genetic crossing are not genetically the same as either parent, due to meiosis. In contrast, transgenic plants generated from thalli of a given line have identical genetic backgrounds, and thus are particularly useful for secondary transformation of existing transgenic lines. Nevertheless, the previous protocol using sporelings is still indispensable, due to its capability to produce a much larger number of transgenic plants per experiment, which is advantageous in generating T-DNA-tagged mutants, for example. The advantages of Agrobacterium-mediated thallus transformation should facilitate molecular experiments on M. polymorpha, e.g., the introduction of a reporterfusion construct into existing transgenics, and genetic complementation of existing mutants obtained by T-DNA tagging. 
